Abstract. The synthesis of a new class of hybrid materials with two differently oriented layers of calcite at adjacent sides of an organic template is demonstrated. A Langmuir monolayer of the amphiphilic block copolymer poly(butyl acrylate)-b-poly(hydroxypropyl acrylate) directs the formation of a first CaCO 3 phase through interaction with the hydrophilic poly(hydroxypropyl acrylate) blocks. After partial hydrolysis of the hydrophobic poly(butyl acrylate) segments a second CaCO 3 phase is formed on the monolayer associated to the first mineral phase. Thus, bilayered CaCO 3 -based hybrid materials are obtained with two differently oriented calcite phases at opposite sides of the polymer film. By using DNA as an additive the crystal orientation in the second layer can be modified.
Introduction
In Nature hybrid materials that combine soft organic and hard inorganic components are used for a variety of purposes, including mechanical support, navigation, and protection against predation [1] [2] [3] . In many cases these biominerals have superior physical, mechanical, and optical properties [4] [5] [6] [7] compared to man-made materials, due to the high level of control over the structure, size, shape and assembly of the constituents [8] [9] [10] . In addition the combination of different mineral phases in many cases is used to obtain advanced or specialized mechanical properties [11, 12] . Hence mimicking Nature's strategy of combining different phases, holds the promise to produce superior materials for a variety of possible applications.
Since CaCO 3 is the most abundant biomineral, it has been the focus of biomimetic studies for many years [10, 13] . Much has been achieved in directing CaCO 3 crystallization by e.g. Langmuir monolayers [14, 15] , SAM's [16] [17] [18] , biological macromolecules [19] [20] [21] [22] or surfactant aggregates [23, 24] and in influencing the mineral's morphology or polymorphism by e.g. the use of additives like polypeptides [25, 26] , synthetic polymers [27] [28] [29] , or ions [30, 31] .
Depending on their length, composition and degree of hydration amphiphilic block copolymers form a wealth of self-assembled morphologies in which dense, hydrophobic phases are spatially separated from the hydrated hydrophilic polymer chains [32, 33] . Block copolymer-based assemblies have been extensively used in the biomimetic formation of different hybrid materials [34] [35] [36] [37] [38] [39] , but hardly ever in directing the formation of calcium carbonate [40] [41] [42] .
In this work, our goal is to combine two forms of CaCO 3 in a single material using an amphiphilic block copolymer. For this we make use of an amphiphilic diblock copolymer, poly(butyl acrylate)-b-poly(hydroxypropyl acrylate) (PBuA-b-PHPA, Fig. 1a) , as an organic template in the form of a Langmuir monolayer. The synthesis strategy of the bilayered material is depicted in Fig. 1b only generated after hydrolysis of the hydrophilic part (BuA) on the monolayer absorbed side. The approach was chosen in a way that it can be extrapolated to the materials beyond the ones used in this work, allowing a wide field of applications.
Materials and methods

Polymer Synthesis
The PBuA 19 -b-PHPA 19 diblock copolymer was prepared in a reversible addition-fragmentation chain transfer (RAFT) polymerization, similar to a procedure performed earlier [43, 44] . See supporting information for the details of the synthetic procedure and characterization.
Langmuir Experiment
A 0.5 g/l solution of PBuA-b-PHPA in chloroform (Biosolve) was prepared and 35 ml of this solution was spread onto an ultrapure water subphase in a Langmuir trough (KSV 3000, KSV Instruments Ltd., 75 mm Â b mm, b ¼ 34 À 307.8 mm). A pre-cut filter paper was mounted in a balance with its lower horizontal edge dipping under the water surface to monitor the surface pressure.
Crystallization
In a typical experiment, the first templating monolayer was formed by spreading a chloroform (Biosolve) solution of PBuA-b-PHPA (8 ml, 0.5 g/l) on 40 ml of a 0.5 M aqueous calcium chloride (granular, Sigma-Aldrich) solution. For the second phase crystallization, the absorbed polymer on the first phase crystal was hydrolyzed by aqueous NH 4 OH (25%). The detailed protocols are presented in supporting information section. Solid ammonium carbonate (Acros Organics) was used as a source of CO 2 for crystallization. For crystallization in the presence of DNA, a 4.4 ml (10 À2 wt%) DNA (300 bps) aqueous solution was added to subphase before the addition of the polymer template. All reagents and solvents were used without further purification.
Scanning electron microscopy
Scanning electron microscopy (SEM) images were obtained using a Phenom (FEI Company) or a Quanta 3D FEG (FEI Company) after mounting the samples on aluminum stubs with double-sided carbon tape (crystal phase I) or glue (crystal phase II) and covering the samples with a conducting gold layer.
Powder X-ray diffraction
Powder X-ray diffraction (XRD) patterns were collected by a Rigaku diffractometer (40 kV, 30 mA) using CuK a radiation. XRD patterns were recorded from 2q ¼ 15 to 70 using continuous scanning at 1 /minute.
Results and discussion
The first step of our approach consisted of the formation of the PBuA-b-PHPA Langmuir monolayer at the air-solution interface of a crystallizing solution. As a compromise between conformational flexibility and organized stability, which is required for template directed crystal growth [40, 45] , a liquid-like state of the monolayer was aimed for. Langmuir experiments on water (Fig. 2) showed that a liquid like state -characterized by a gradual but linear increase of the surface pressure -was indeed obtained by compression of the monolayer before a collapse was observed at 160 Å 2 /molecule. By extrapolation of the slope in the liquid-like area the molecular area of the polymer was determined to be 550 Å 2 /molecule. Langmuir monolayers of PBuA-b-PHPA were prepared by spreading a calculated amount of the block polymer solution on a 10 mM CaCl 2 subphase. This solution was exposed to ammonium carbonate to induce CaCO 3 crystallization [19] . A first layer of crystals was formed at the hydrophilic PHPA part of the organic template, in which the orientation of the crystals was directed by the hydroxyl groups of PHPA segment of the monolayer in contact with solution. SEM images showed that the crystals formed in this phase after two days had the typical rhom- /molecule (44 mNm) and the extrapolation of the slope in the liquid-like state to zero pressure from which the molecular area of the polymer was determined to be 550 Å bohedral morphology of calcite (Fig. 3a, b) . Powder X-ray diffraction (XRD) confirmed that these indeed are calcite with a (10.4) orientation (Fig. 3e) . In absence of a template randomly oriented calcite was formed (Fig. S5a) .
The crystal-monolayer complex was then removed from the crystallizing solution and the exposed hydrophobic blocks were hydrolyzed by exposure to aqueous NH 4 OH. By this step the hydrophobic PBuA blocks were partially converted into poly(acrylic acid) (PAA) blocks (Fig. S7) . Since carboxylates are known to have a strong directing effect on the growth of CaCO 3 the PAA blocks could serve as a new template for the second crystallization step. Thus, the macro-template (i.e. the crystal-monolayer complex) was placed at the surface of a second crystallizing solution with its newly formed crystal directing groups inside the solution.
Assuming that the generated PAA carboxylate groups along with non-hydrolyzed hydrophobic PBuA segments influence crystallization differently compared to the PHPA hydroxyl groups, a second CaCO 3 layer may be expected to express a morphology distinctly different from the first CaCO 3 layer. SEM showed that the morphology of the phase II crystal layer after two days indeed clearly differed from the phase I rhombohedra (Fig. 3c) . Powder XRD showed that in the second crystallization step mainly (01.2) and (00.1) oriented calcite was formed (Fig. 3f) . Control experiments showed that in the absence of a monolayer randomly oriented calcite was synthesized (Fig. S5b) , whereas crystallization with a non-hydrolyzed monolayer showed exclusively (00.1) orientated calcite (Table 1; Fig. S6 ). Indeed, the (01.2) orientation of calcite is often observed in the presence of templating acidic groups. Thus the coexistence of the (01.2) and (00.1) orientated calcite in the second phase was attributed to the combined effect of regions having predominantly either polar PAA and non-polar PBuA segments in partially hydrolyzed monolayer [46, 47] .
In an attempt to enhance the selectivity of the organic template, we employed DNA as an additive [26] during both crystallization steps. In the presence of DNA, after three days the first phase again almost exclusively consisted of (10.4) oriented calcite (Fig. 4a, b, e) . When the formation of the first mineral layer was investigated after 2 days, PXRD indicated a mixture of amorphous calcium carbonate (ACC) and randomly oriented vaterite (Fig. S8a) . In agreement with this SEM showed "hairy" spheresattributed to vaterite -of which some were partly covered with an unstructured material -typical for ACC (Fig. S8b) . This observation is consistent with our previous finding that DNA acts as a crystallization inhibitor, stabilizing the normally unstable ACC [26] . The coexistence of ACC and vaterite suggests that in the present system DNA, in conjunction with the monolayer stabilizes the ACC and alBiomimetic synthesis of calcium carbonate bilayers interfaced by a diblock copolymer template lows it to stepwise convert to the metastable vaterite before the thermodynamically stable calcite is formed. After hydrolysis of the polymer template, the second layer of mineral was grown, again in the presence of DNA. Also in this case PXRD showed the formation of calcite, however now in a predominant (10.1) orientation (Fig. 4c, f ).
Conclusion and outlook
In summary, we have demonstrated a biomimetic strategy to synthesize bilayered CaCO 3 materials, which contained two differently oriented layers of calcite crystals, interfaced by an amphiphilic block copolymer. The use of DNA as an additive allowed us to tune and optimize the directing behavior of the polymer template. From these, it can be imagined that by a proper choice of organic template and additives many more bilayered materials -if desirable composed of more layers and of different inorganic components -could be synthesized. In this respect the replicating concept of Meldrum and coworkers is of interest [48] [49] [50] [51] [52] . They demonstrated the formation of bicontinuous hybrids by filling a polymeric replica of a seaurchin plate with calcium carbonate, which after removal of the template leads to the reversed porous bicontinuous structure which in principle can be filled with another material. Similarly one can envision the use of the selfassembled bicontinous block polymer templates for controlled formation of complex mineral morphologies. Such complex block copolymer micelles with a bicontinuous interior were recently demonstrated for a poly-octadecyl methacrylate (PODMA)-based block copolymer [53] . Mineralization of their interior and subsequent chemical conversion of the hydrophobic (PODMA) blocks to hydrophilic PAA blocks would provide the space and the templating capability required for the deposition of a second mineral phase inside the first one. Hence, the first mineral phase may be filled with another inorganic material of which the crystalline properties are controlled through the newly generated acidic polymers chains. Hence, the use of amphiphilic block copolymers in generating such complex latent templating structures opens a new route to hybrid materials that may find applications in fields ranging from coatings for biomedical implants to optical elements of photonic devices.
